ABSTRAa. Newborn rabbits were raised in either hypoxic or normoxic environments for 3 months. Data from ~lectrophysiological studies carried out on isolated sinoatrial and ventricular preparations from the two groups show that the hypoxic group had changes in cellular transmembrane electrical activity that could be the basis for disorders of rate and conduction in vivo. This model will be useful to study the etiology and therapy of some arrhythmias seen in cyanotic congenital hypoxemic heart disease. (Pediatr Res 19: 64-66,1985)
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METHODS
One-day-old New Zealand White Rabbits were placed in a chamber with an ambient Po2 of 65 k 3 mm Hg and kept in this low Po2 environment for 23 h/day for 3 months. They were removed for 1 h each day so that they could nurse while their chamber was cleaned. The rabbit was chosen for this model of hypoxia in the neonate because of its unique suckling behavior. They normally suckle only once per day and receive their full milk allotment in 2-4 min (9, 12) . Thus they can be exposed to hypoxic conditions for long periods and still be properly nourished. The C 0 2 in the chamber is absorbed by Indicating Baralyme (Chemtron Medical Division of Allied Healthcare, St. Louis, MO). The water vapor is absorbed by Indicating Drierite (W. A. Hammond, Xenia, OH). The ambient Po2 was selected to give P A O~ values in the range of those recorded in congenital hypoxemic lesions. By using the equation P A O~ = Plo2 -[Pco2 -(I-R)FIO~/R] we can predict that the P A O~ is at most 40 mm Hg (14) . The most obvious sign that our animals are hypoxemic is their color-ears, skin, conjunctiva, and noses have a distinct bluish tinge. The mean hematocrit was 54% as compared to 37% in the controls.
Control animals were reared at an ambient Po2 of 149 mm Hg (room air) and were permitted 1 h/day for nursing. At the end of 3 months the rabbits were anesthetized (pentobarbital sodium 65 mg/kg, iv) and their hearts were removed. The sinus node-atrial region was dissected free and mounted in an isolated tissue bath maintained at 37" C. The tissue was permitted to beat spontaneously while being superfused by modified Tyrode's solution (NaCI, 136.9 mM; KCl, 3 mM; NaHC03, l l .9 mM; NaH2P04, 1.78 mM; Mg C12, 0.5 mM; CaC12, 2.7 mM; glucose 5.55 mM) (1 3, 16) . Microelectrode recordings were made from pacemaker cells (true and subsidiary) and atrial myocardium (2, 1 1, 13). Rate studies were camed out on pacemaker cells, while mapping was performed for all types of cells. The free wall of the right ventricle was also mounted for study and superfused. It was electrically driven at a rate of 70 bpm. Endocardia1 cells less than 1 mm deep were used in order to avoid studying cells that might be poorly supplied from the superfusate due to hypertrophy. In order to study the chronic effects caused by hypoxia, the superfusate was bubbled with 98% 0 2 , 2% C 0 2 (pH = 7.4). This permitted us to see the changes produced chronically as opposed to acute hypoxic changes that would be present with reduced oxygenation of the superfusate. Intracellular microelectrode recordings were made using standard techniques (15) . The data were recorded and analyzed using a Nicolet Explorer 111 digital oscilloscope. The figures were reproduced with a Houston Instrument 100 plotter. The data on mean spontaneous sinus rate were obtained from eight hypoxically reared and eight normoxically reared rabbits matched for age and weight. The sino-atrial node/ atrial rhythm data were obtained from another group of five pairs matched for age and weight. Statistics were based on Student's t test and the level of significance was defined as p 5 0.05. The ventricular data are from 19 hypoxically reared and seven normoxically reared rabbits.
RESULTS
The mean predominant spontaneous sinus rate (this was the basic rate determined over several minutes, excluding pauses and extra beats) in the hypoxic group (n = 25) was 83 2 4 (SE) bpm.
This was significantly less than 1 19 + 7 (SE) in the control group ( n = 10). In the preparations studied for rhythm, four of the five sino-atrial-node-atrial preparations showed continued periods of abnormal patterns of beating including bradycardia, tachycardia, pauses, blocks, and coupled beats. Rabbit 1 showed periods of couplets and a rate which varied between 100 and 180/min (Fig.  1A) . Rabbit 2 showed pauses of over 800 ms and a rate range of 7 1-106 bpm. Rabbit 3 had a rate of 39-57 bprn (Fig. 1B) . Rabbit 4 showed a rate of 32 recorded from the sinus region while a simultaneous impalement of the atrium showed a rate of 103 bprn (Fig. 2) . None of these phenomena was observed in the controls. These data are summarized in Table 1 . Since the microelectrode recordings came from subsidiary pacemaker cells (2, 13) and not from the true sinus pacemaker cell, these preliminary studies cannot define the cause of bradycardia as a failure in phase 4 automaticity or a nodal block (except in rabbit 4). Similarly we cannot tell whether the tachycardia is due to enhanced automaticity or reentry. However, it is clear that hypoxia can cause changes which result in supraventricular tachyarrhythmias and bradyarrhythmias.
The effect of chronic hypoxia on action potentials recorded from the right ventricular free wall removed from 19 rabbits reared in the manner described above as compared to seven controls is presented in Table 2 and Figure 3 . Data were obtained from at least 10,different cells from various subendocardial sites (all less than 1 mm deep) in each preparation. While there was no significant difference in resting membrane potential, the tissue from the hypoxia-reared group showed a significantly lower Fig. 1 . The tracings are of intracellular recordings taken from ,he region of the S-A node-atrial junction in two different preparations from hypoxic rabbits. In A the cycle length varies from 332 ms (unmarked) to 608 ms (*) (180 to 100 bprn). In B the cycle length varies from 1086 (**) to 1532 ms (unmarked) (57 to 39 bpm). The horizontal bar is 1 s. The vertical bar runs from 0 to -50 mV. * n = 5 rabbits, only verified by mapping.
t 10% longer than the normal cycle length.
$ n = 10 rabbits.
9 n = 25 rabbits.
amplitude, maximum rate of rise of phase 0, and a longer time to repolarize to -70 mV. In the hypoxic preparations, there were always areas of cells that had lower than normal resting potentials, low action potential amplitudes and rates of rise of phase 0, as well as prolonged durations when compared to the control rabbits. These areas sometimes showed afterpotentials (Fig. 3C) . Concomitantly, there were cells with electrical characteristics close to those found in control cells. The control preparations never had these areas of "depressed" cells.
DISCUSSION
The cellular basis for conduction defects including reentrant beats may be depolarized cells, reduced action potential amplitude, reduced dv/dt of phase 0, nonhomogeneous refractory period, or afterpotentials (3). The major arrhythmias seen in hypoxemic congenital heart disease (conduction defects, bradyarrhythmias, tachyarrhythmias) have all been demonstrated in this model. Bradyarrhythmias may be due to reduced automaticity or conduction blocks between the sinus node and the atrial myocardium, but further studies are needed to delineate the precise mechanism of the bradyarrhythmias in this model. Tachyarrhythmias may be the result of enhanced automaticity, reentry, or afterpotential-based automaticity. The mechanism for enhanced rate presented here will be studied in future experiments. However, the requirements for reentry: slow conduction, unidirectional block, and dispersion of recovery can all occur in 11 Number of preparations with afterpotentials.
T Significantly different from control, t test, p < 0.05. cells with action potentials showing reduced amplitude, reduced dv/dt of phase 0 and prolonged duration (3). These characteristics, as well as a variability in ventricular action potential electrical parameters within single tissues, have been demonstrated in this model. This study was designed to test the hypothesis that chronic hypoxia during maturation could cause electrophysiological changes in the heart which were arrhythmogenic. However, the chronic hypoxia also may induce pulmonary hypertension, ventricular hypertrophy, and changes in autonomic outflow and reflexes. These factors may play a role in the electrophysiological changes. In addition, future studies with this model should address the acute effects of hypoxia as well as the chronic ones.
